Although gene regulation can occur at both transcriptional and epigenetic (microRNA) levels, combined transcriptomic and microRNAomic responses to environmental stress are still largely unexplored for marine plankton. Here, we conducted transcriptome and microRNAome sequencing for Prorocentrum donghaiense to understand the molecular mechanisms by which this dinoflagellate copes with phosphorus (P) deficiency. Under P-depleted conditions, G1/S specific cyclin gene was markedly downregulated, consistent with growth inhibition, and genes related to dissolved organic phosphorus (DOP) hydrolysis, carbon fixation, nitrate assimilation, glycolysis, and cellular motility were upregulated. The elevated expression of ATP-generating genes (for example, rhodopsin) and ATP-consuming genes suggests some metabolic reconfiguration towards accelerated ATP recycling under P deficiency. MicroRNAome sequencing revealed 17 microRNAs, potentially regulating 3268 protein-coding genes. Functional enrichment analysis of these microRNA-targeted genes predicted decreases in sulfatide (sulfolipid) catabolism under P deficiency. Strikingly, we detected a significant increase in sulfolipid sulfatide content (but not in sulphoquinovosyldiacylglycerol content) and its biosynthesis gene expression, indicating a different sulfolipid-substituting-phospholipid mechanism in this dinoflagellate than other phytoplankters studied previously. Taken together, our integrative transcriptomic and microRNAomic analyses show that enhanced DOP utilization, accelerated ATP cycling and repressed sulfolipid degradation constitute a comprehensive strategy to cope with P deficiency in a model dinoflagellate.
Introduction
Marine phytoplankton experience environmental fluctuations in light intensity, nutrient availability, temperature and pH. In the future ocean, warming and intensified stratification may bring greater nutrient stress. Phosphorus (P) is an essential nutrient for phytoplankton growth as it is required for cellular structures (membranes, DNA, RNA), metabolism (nucleotides, NADH, NADPH), storage of energy (ATP), cell signaling (cAMP, IP3), and biochemical regulation (protein phosphorylation) (Karl, 2014; Lin et al., 2016) . In many parts of the ocean, dissolved inorganic phosphorus (DIP), the chemical form of P that can be taken up and assimilated directly, can be diminishingly scarce (Karl, 2014; Lin et al., 2016) . P can be a limiting factor for phytoplankton growth even in eutrophic coastal waters where excess nitrogen is introduced due to human activities (Lin et al., 2016) . Various strategies have been identified in phytoplankton to cope with low P availability, including changing P transporters to increase uptake (Perry, 1976) , switching to dissolved organic phosphorus (DOP) for P source (Dyhrman and Palenik, 1997; Dyhrman et al., 2007; Karl, 2014) , remodeling cell membranes (Shemi et al., 2016) , lowering P quota, bypassing P consuming process in glycolysis reactions (Wurch et al., 2011; Dyhrman et al., 2012) , and recycling lipid P (Dyhrman et al., 2012) . The realization of these strategies may involve regulation of gene expression at multiple levels, ranging from transcriptional, post-transcriptional, to post-translational. While transcriptional regulation has been extensively studied, post-transcriptional regulation (for example, via microRNA) of phytoplankton responses to P stress has not been explored even though its existence has been reported (O'Rourke et al., 2013) . This study was aimed to address this gap of research by investigating genome-wide responses to P stress in a dinoflagellate.
Dinoflagellates generally have limited transcriptional regulation (Lin, 2011) , as demonstrated in field work (Alexander et al., 2015) and culture studies (Moustafa et al., 2010) . Recent discoveries of microRNAs in dinoflagellates (Baumgarten et al., 2013; Lin et al., 2015) suggest that this form of posttranscriptional regulation may be a major mechanism controlling gene expression in dinoflagellates. We conducted transcriptome and microRNAome sequencing for Prorocentrum donghaiense, a model dinoflagellate species prone to form blooms in low P environments (Lu et al., 2005) , grown under P-replete and P-deficient conditions. Our data provide the most comprehensive insights to date of how a dinoflagellate copes with P deficiency with some novel mechanisms, meanwhile demonstrating the power of combined transcriptomic and microRNAomic analysis in gaining a panoramic view of phytoplankton responses to phosphorus stress.
Materials and methods
Cultures and physiological measurements P. donghaiense cultures were grown in 5 l seawater medium at 20°C under a photon flux of 100 μE m − 2 s − 1 with a 14:10 h light:dark cycle. P-replete cultures were grown in L1 medium (without silicate) with 36 μM phosphate concentration. The P-depleted cultures were acclimated to 1 μM of phosphate with other nutrients being the same as in L1 medium. Each condition was set up in triplicate. All cultures were sampled daily for cell count and measurement of physiological parameters. Samples were collected on day 3 for RNA-seq, microRNA sequencing, qRT-PCR, western blot and LC-MS analyses and again on day 6 for LC-MS analysis for both the P-replete and P-depleted cultures. On both days, phosphate concentrations in the P-depleted cultures were essentially undetectable while that in the P-replete cultures were above 15 μM.
The cell concentration was measured using a Sedgwick-Rafter counting chamber under a microscope. Chlorophyll a was measured fluorometrically. Fv/Fm ratio as an indicator of photosynthetic efficiency was measured with a pulse amplitude modulated (PAM) fluorometer (Walz, Effelrich, Germany). Cell diameter was estimated by Z1 particle counter (Beckman Coulter, Brea, VA, USA). DIP concentration in the growth media was measured using a standard molybdate method. Alkaline phosphatase activity (APA) was determined as reported previously (Lin et al., 2012) .
RNA isolation and sequencing
About 10 7 cells were collected on the third day of the experiment and homogenized in TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) to extract RNA as previously reported (Lin et al., 2010) . Ethanol precipitation instead of RNA binding column was used in this isolation, which enables us to analyze both mRNA and miRNA from one sample (Mraz et al., 2009) . The RNA concentration was assessed using RNA 6000 Nano Lab Chip Kit on Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The RNA integrity number of the samples was all above 6.0. Then these isolated RNA were used for sequencing and qRT-PCR analysis. Equal amounts of RNA masses that were extracted from the triplicate samples were pooled for RNA-seq and microRNA sequencing.
A total of 3 μg RNA was used to generate paired-end RNA-seq library using Illumina TruSeqTM RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Small RNA libraries were generated using NEBNext Multiplex Small RNA Library Prep Set for Illumina (NEB, Ipswich, MA, USA) with the same amount of total RNA mass as used in RNA-seq. The libraries were purified (AMPure XP system) and quantified using the Agilent Bioanalyzer 2100 system and then sequenced on an Illumina Hiseq 2000 platform. The raw data have been deposited to NCBI in SRA (SRX2554989, SRX2555036, SRX2557351 and SRX2557352).
Bioinformatic analyses
Raw reads for RNA-Seq and microRNA sequencing were cleaned up by trimming adapter sequences, removing poly-N containing reads (⩾10% of nucleotides in each read) and filtering low quality reads (Q-score ⩽ 20 for ⩾ 50% of nucleotides in each read) using a proprietary program (Tian et al., 2012) . All the downstream analyses were based on clean data with high quality.
Transcriptome assembly was performed using Trinity platform (v2012-10-05; min_kmer_cov = 2; prior normalization and other parameters set default) (Haas et al., 2013) with the two sets of sequence reads as the input. The assemblies were blasted against GeneBank non-redundant (nr) and Uniprot (Swiss-Prot) with a cutoff e-value of 1e − 5. The Gene Ontology (GO) functional classes and biochemical pathway for each transcript were assigned based on the GO terms annotated to their corresponding homologs in the UniProt database and Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Differentially expressed genes were estimated using edgeR (V3.16.5) in the Bioconductor package, a program that has often been used for non-replicated samples. Based on the instruction of edgeR software, typical values for the Biological Coefficient of Variation (BCV) for data sets arising from well-controlled experiments are 0.4 for human data, 0.1 for data on genetically identical model organisms or 0.01 for technical replicates (Robinson et al., 2010) . We selected the value of 0.1 to calculate dispersion, in which the deduced significant differentially expressed gene number matched well with our qPCR results. Reads for each gene were normalized using 'TMM' in edgeR, and significance of differentially expressed genes was assigned with edgeR's 'exactTest' function following previous reports (Marchetti et al., 2012; Gong et al., 2016) . Genes with fold changes42 and FDRo0.05 (adjusted P-value, determined by the Benjamini and Hochberg multiple-testing correction implemented in the 'p.adjust' method of R) were defined as differentially expressed genes.
For our microRNA sequencing data set, reads less than 16 nt in length were removed. Sequence tags originating from non-coding RNAs (rRNA, scRNA, snoRNA, snRNA and tRNA) deposited in Rfam 10.1 database were also excluded. To identify miRNAs from the remaining data set, the criteria previously used for dinoflagellates (Baumgarten et al., 2013; Lin et al., 2015) were used: (1) Both the guide (miRNA) and the passenger (miRNA*) sequences of the precursor were mapped by clean reads; (2) there were at least 2 nucleotide 3' overhang in the miRNA or miRNA* duplex; and (3) the minimum fold energy (MFE) of the hairpin structure is less than − 25 kcal mol − 1 . Bowtie program (v0.12.9, -v 0 -k 1) (Langmead et al., 2009 ) was used to map small RNA tags to P. donghaiense transcript sequences. The mapped small RNA tags were used to look for known miRNA existing in miRBase21.0. The remaining unannotated sRNA sequences were analyzed by miREvo (v1.1, -M -p 10 -g 50 000) (Wen et al., 2012) and quantified by mirdeep2 (v2.0.0.5 quantifier.pl, -p -m -r -y -g 0) (Friedlander et al., 2012) to predict potential novel miRNAs through exploring hairpin structure, dicer cleavage sites and the minimum free energy. To predict target mRNAs of these miRNAs, the 3′UTR sequence of each unigene transcript was used to predict animal type targets using miRanda (Enright et al., 2003) with stringent criteria (miRanda-3.3a, -sc 140 -en -15 -scale 4 -strict). The expression level of miRNA was normalized by TPM (transcript per million) with previously published criteria (Zhou et al., 2010) : Normalized expression = mapped readcount/total reads*1 000 000. After normalization, the miRNA expression profiles between the two microRNA libraries (P-replete and P-depleted) were compared. Differential expression analysis of two conditions was performed using the DEGseq R package (Wang et al., 2010) . The P-value was adjusted using the q-value (Storey, 2003) . The differentially expressed miRNAs were defined with q-valueo0.01 and |log2 (foldchange)|41. GO enrichment and KEGG pathways were analyzed for the predicted target genes of the differentially expressed miRNAs using DAVID (Huang et al., 2009 ) with UNIPROT ACCESSION terms as previously reported (Rosic et al., 2014) . All the transcripts of P. donghaiense with Swiss-prot annotation were used as background gene list for the enrichment analyses. Corrected Benjamini P-valueo0.05 as cutoff was conducted to yield statistically significant gene enrichment for particular pathways or GO categories.
Mass spectrometry analysis of lipids
Total lipid was extracted from about 10 7 cells using chloroform: methanol (2:1, w/w) as reported (Bligh and Dyer, 1959) . Total lipids generated from the triplicate cultures were combined respectively for the P-replete and P-depleted groups to achieve a sufficient sample size for machine loading. Lipids analysis was performed with an Agilent 1290 highperformance liquid chromatograph system equipped with an Agilent 6490 triple quadruple electrospray ionization mass spectrometer. Precursor ion of target lipid was identified as previously described . The specific head group of target lipid was identified using product ion mode based on sulfatides and SQDG standards (Avanti Polar Lipids, Alabaster, AL, USA). Lipid extracts were separated at 40°C on an extended C18 column (1.8 μm, 2.1 × 150 mm; Agilent) for negative mode using [M-H] − form (Hsu et al., 1998) . The mobile phase were 85% methanol (A) and isopropanol (B) containing 0.025% NH 4 OH; the LC gradients were as follows: 0 min, 95% A and 5% B; 10 min, 85% A and 15% B; 16 min, 50% A and 50% B; 18 min, 45% A and 55% B; 33 min, 35% A and 65% B; 38 min, 20% A and 80% B; 43 min, 85% A and 15% B; 48 min, 95% A and 5% B. The flow rate was 0.2 ml min − 1 . Quantitation was titrated using external calibration curves of sulfatides and SQDG standards, and normalized to the recovery of the internal standard.
Gene and protein quantification and phylogenetic analysis
Reverse transcription quantitative PCR (RT-qPCR), western blot and phylogenetic analysis were performed as previously reported (Shi et al., 2015) to determine the transcriptional or translational levels or classification of protein-coding genes, respectively. The primers used for qPCR are listed in Supplementary Table 8 . For microRNA RT-qPCR, TransScript miRNA RT Enzyme mix (TransGen, Beijing, AQ202-01) was used to facilitate cDNA synthesis. Then the RT product was used as the template for qPCR. All qPCR reactions were performed on a CFX96 Real-time PCR System (BioRad, Hercules, CA, USA) using iQTM SYBR Green Supermix in 96-well plates according to manufacturer's recommendations. Calmodulin (Shi et al., 2015) and U6 snRNA were used as references to calibrate the expression of the mRNA and miRNAs, respectively. Three technical and three biological replicates were conducted for both P-replete and P-depleted culture samples. The comparative threshold (2 -ΔΔCt ) method was used to assess the relative expression levels (Livak and Schmittgen, 2001 ).
Results and discussion
General physiological and molecular responses to P deficiency Compared with the P-replete cultures, the P-depleted cultures grew slower and entered stationary phase earlier, with day 3 as the diverging point between the two groups ( Figure 1a) . DIP in the medium was barely detectable in the P-depleted cultures since day 1 but remained above 15 μM throughout the experiment in the P-replete cultures (Figure 1b) , and accordingly the P-depleted cultures exhibited markedly higher alkaline phosphatase (AP) activity as measured from day 4 (Supplementary Figure 1) . This is consistent with the relationship between AP activity and cell growth under P-stressed previously reported for this species (Ou et al., 2010) . Therefore, day 3 represented the transition from intracellular P storage consumption to P depletion. Furthermore, the P-depleted cultures exhibited a larger cell size (Figure 1c ), suggesting persistent photosynthesis and cell growth under P deficiency, consistently with the unchanged cellular chlorophyll a (Figure1d and upregulation of both Rubisco and ferredoxin thioredoxin reductase (Table 1) , despite a lower quantum efficiency of photosystem II (Fv/Fm) (Figure 1e ). Samples were collected on day 3 from these P-replete and P-depleted cultures, and transcriptomes were sequenced to obtain insights into how cell responded to the early stage of P stress. On this day, cellular RNA content in the P-depleted cultures was only about 36.7% of that in the P-replete cultures (Figure 1f) . De novo assembly of the RNAseq reads generated 193 643 unigenes (practically defined as the longest sequence of Trinity transcript cluster) with an average length of 701 bp and N50 of 1209 bp (Supplementary Table 1 ). About 40% of these unigenes had significant matches to documented genes in public databases (Supplementary Table 2) , with their GO term, COG, and KOG pathway diversity annotated (Supplementary Figure 2) . A total of 1657 unigenes (0.86%) were differentially expressed (Figure 1g ), among which 596 and 1064 genes were up-and downregulated respectively under P-depleted condition with 42 fold changes and FDRo0.05. A setback exists in this result due to the lack of biological replicates in our sequencing; however, a method previously adopted (EdgeR) for non-replicated samples was used in our data analysis, and the differential expression patterns of some of these genes were verified by RT-qPCR results. Of the 1657 uniques, 342 could be annotated, including 240 up-and 102 downregulated. The functional classification of these genes indicates their involvement in various metabolic pathways (Figure 2) , including nitrogen uptake, photosynthesis, cell cycle, glycolysis, amino acid and protein metabolism, protein synthesis (ribosomal proteins), intracellular transport (a group of dynein heavy chains), signal transduction and methyltransferase activity (Supplementary Data sets 1 and 2) . The expression trends were verified for a selection of genes using RT-qPCR (Table 1) . Consistent with the growth inhibition under P deficiency (Figure 1a) , G1/S checkpoint-specific cyclin (Supplementary Data set 2), a protein critical for regulating cell cycle progression, showed significant downregulation both in the RNA-seq and RT-qPCR data sets (Figures 1g and h ). This contrasts sharply with another dinoflagellate, Alexandrium catenella, in which growth inhibition and cell cycle arrest in G1 phase by P deficiency is accompanied by upregulation of a cell cycle inhibitory protein (cdc protein 20/ fizzy) instead .
For miRNA identification, due to the lack of genome data for P. donhaiense, the method previously reported for predicting miRNAs from genomes (Tarver et al., 2012) was not applicable. So we used the criteria proposed for dinoflagellate (Baumgarten et al., 2013; Lin et al., 2015) . Considering that microalgae can possess microRNA shorter than 18 nt (Lopez-Gomollon et al., 2014), and the 3′ overhang and the pre-miRNA double-stranded stem need to have a minimal length of 16 bp (StaregaRoslan et al., 2011), 16 nt or longer reads were used for further analysis. As a result, from the 12 303 754 and 12 784 951 filtered reads from P-replete and P-depleted samples respectively, 17 mature microRNAs were identified, 7 being known and 10 novel microRNAs. The lengths of these miRNAs ranged from 16 to 22 nt, with a peak at 20 nt (Supplementary Figure 3) . This contrasted with typical miRNAs in plants and animals with length peaks at 21 and 22 nt, microRNA ID: Pdh-miR1-5p; the fold change of Pdh-miR1-5p was estimated by qPCR.
Molecular responses for P stress in Prorocentrum X Shi et al respectively, and agreed with non-canonical miRNAs identified in diatoms and haptophytes (LopezGomollon et al., 2014) . Target gene analysis against the transcriptome described above yielded 3268 protein-coding genes as the targets of those microRNAs with stringent criteria (Supplementary  Figure 4) . Fourteen of these mature microRNAs showed differential expression between P-replete and P-depleted conditions, including 3 down-and 11 upregulated in the P-depleted culture group, and RT-qPCR for 5 of these verified their trends of expression (Supplementary Table 3 ). Most of the total microRNA target genes (3092 or 94.61%) were targets of these 14 differentially expressed microRNAs. DAVID enrichment analysis (Huang et al., 2009) showed that these target genes were significantly enriched in gene families of RNA recognition motif 2, Cyclic nucleotide-binding domain, EF-hand domain pair, ion transport protein, sulfatase, ABC transporter and ABC-2 type transporter (Supplementary Table 4 ) A similar enrichment prediction of these functions were also detected using Interproscan (Supplementary Table 5 ). There was 8.93-fold enrichment in the RNA recognition motif 2-containing protein family. The RNA recognition motif 2 is one of the most abundant eukaryotic protein domains involved in post-transcriptional regulation of gene expression (Maris et al., 2005) . All of the eight RNA recognition motif 2-containing genes were targets of upregulated microRNA (Supplementary Table 6 ). Because the general function of a microRNA is binding to mRNA to yield mRNA degradation or translation repression (Bartel, 2009) , the downregulation of the microRNAs putatively regulating this gene family would predict reduced microRNA-independent post-transcriptional regulation under P limitation. Another interesting enriched protein family was sulfatase. Previous report indicated that sulfate metabolism has an important role under P limitation in phytoplankton (Van Mooy et al., 2006 , 2009 . According to PFAM enrichment result in the current study, 14 microRNA targets related to sulfatase metabolism were enriched. Twelve of these 14 unigenes were targeted by upregulated microRNA, and the other two was targeted by downregulated and unchanged microRNA separately (Supplementary Table 7 ). The main function of this group of sulfatases is to break down sulfatides and release sulfate (Figure 3 ). All of these findings suggest that post-translationally regulated sulfatase metabolism potentially has a pivotal role when P. donghaiense experienced phosphate limitation.
DIP and DOP utilization regulated both transcriptionally and by microRNA From the transcriptome data, we identified eight low-affinity and one high-affinity phosphate transporters, which may allow the species to tune its P uptake depending on changing phosphate availability (Lin et al., 2016) . Besides, a common strategy to cope with DIP deficiency in phytoplankton is to utilize DOP (Karl, 2014) , which is dominated by phosphoesters of C-O-P ester bonds (Dyhrman et al., 2007) . Phosphoesters are typically hydrolyzed by phosphatases to release phosphate (Lin et al., 2016) . In our transcriptome data set, AP (alkaline phosphatase) and a NLI (nuclear interacting factor) interacting factor-like phosphatase gene (Supplementary Data set 1, NIFs) was found to be significantly upregulated under P limitation. For AP, both qRT-PCR (Table 1) and enzyme activity assays (Supplementary Figure 1) showed remarkable upregulation (1.93 and 1.7 folds respectively, with Po0.05, ANOVA) under P deficiency. Other DOP utilization related genes, such as STP (serine/ threonine-protein phosphatase) and 5′-nucleotidase (NTD), were also identified. All of this suggests that P. donghaiense is able to utilize various types of phosphoester substrates, including nucleic acids, ATP and lipids as a source of phosphate.
We found that some of the phosphorus metabolism-related GO terms were targets of differentially expressed microRNAs (Supplementary Data set 3), impacting a complex metabolic network (Supplementary Figure 3) . These GO terms can be sorted into four P related groups, phosphoester hydrolysis, phospholipase, phosphate-group transfer, and phosphorus-containing anhydrides hydrolase, which accounted for 43, 3, 43 and 20 microRNA target genes respectively. All the detected 17 microRNAs were predicted to be involved in regulating genes related to DOP metabolism listed above, indicating a broad post-transcriptional regulation existing in this dinoflagellate for DOP utilization. In accordance, these phosphorus metabolism-related genes showed no transcriptional regulation under the contrasting P conditions from our RNA-seq data set.
It is notable that the 16 dynein heavy chain (DHC) genes detected were substantially upregulated (42 fold, FDRo0.05) at the transcriptional level under P limitation. DHC has two basic domains-an ATP hydrolysis site domain located at the N terminus and a ATP-sensitive track-binding site at the C terminus of the protein (Asai and Wilkes, 2004) . The ATP hydrolysis site domain usually contains a P-loop motif, a catalytic ATP-binding site (Asai and Koonce, 2001; Asai and Wilkes, 2004) . Cytoplasmic dyneins are involved in organelle movement toward the center of the cell (minus end of the microtubules) whereas the axonemal dyneins drive flagellum movement. Phylogenetic analysis of DHC indicated that P. donghaiense possess two types of cytoplasmic (cyto I and II) and several axonemal forms (outer arm subunits -α -β and -γ and inner arm subunit 1β) (Supplementary Figure 6) . All the six subgroups exhibited higher expression levels in P-depleted cultures, suggesting promotion of intracellular trafficking or cell motility by P deficiency. Increased cellular motility would facilitate prey exploration to supplement P-nutrition (Lin et al., 2016) .
Changes in ATP cycling under P-depleted condition Under P-limited conditions, two groups of ATPacquisition and ATP-metabolism pathways were found to change expression levels in concert. One group of such pathways was ATP-consuming process or apparatus, including PFK (phosphofructokinase, Supplementary Data set 1) in glycolysis, dynein heavy chain, and ribosomes. PFK is an important enzyme in glycolysis (Dyhrman, 2016) and its modification under P deficiency is believed to be common in higher plants, green algae and diatoms (Theodorou et al., 1991; Dyhrman et al., 2012; O'Rourke et al., 2013) . Our data showed its 3.15-fold higher transcript abundance with statistical significance under P deficiency (Figure 2 ) (Supplementary Data set 1). This is consistent with the previous finding in green algae that this ATPconsuming activity is usually activated by low concentrations of Pi (inorganic phosphate) but inhibited by high concentrations of Pi (Botha and Turpin, 1990) . Besides, the metabolic process of the 16 DHC described above are also ATP consuming, as they contain an ATPase domain, and were significantly upregulated in the P-depleted cultures. Furthermore, 40 ribosomal proteins were significantly upregulated under P deficiency based on Swiss-Prot annotation (Supplementary Data set 1), and not one was found to be downregulated (Supplementary Data set 2). As protein synthesis is an ATP-consuming process, which take up about 75% of a cell's total energy budget (Lane and Martin, 2010) , the upregulation of ribosomal proteins (and hence protein synthesis activity) can potentially add significantly to the demand for ATP.
Several ATP synthesis pathways were also identified as upregulated under P limitation. Of these, proton pump-type rhodopsin identified here resembles bacterial homologs that functions as a lightdriven proton pump to generate an outward proton gradient to activate ATP synthesis (Martinez et al., 2007) . Since its discovery in dinoflagellates (Lin et al., 2010) , proton pump rhodopsin has been reported to supplement energy needs in coping with nutritional deficiency in dinoflagellates and diatoms (Marchetti et al., 2012; Guo et al., 2014) . In P. donghaiese, this gene appears to compensate for the light-limited photosynthesis in dim environment (Shi et al., 2015) . Both RNA-seq and RT-qPCR results showed that the transcriptional level of this rhodopsin changed little between P-replete and P-deplete conditions (Table 1) . However, the Western blot assay for this protein showed that P-depleted cultures expressed 1.31-fold (when normalized to amount of total protein used) or 1.80-fold (when normalized to GAPDH as reference) (Table 1) more rhodopsin than the P-replete cultures (Po0.05, ANOVA). This suggests that this rhodopsin may serve as a supplementary energy (ATP) generating mechanism under P deficiency. In accordance, five of the eight detected ATP synthase subunits were highly expressed in the P-depleted cultures (Supplementary Figure 7) , among which, subunit b showed a remarkable (2.07-fold) upregulation and gamma subunit a moderate (1.46-fold) upregulation.
Increased sulfatide content and decreased degradation under P limitation Studies have shown in phytoplankters such as Aureococcus anophagefferens and Prochlorococcus spp., P deficiency led to increased sulfolipids relative to phospholipids, due to partial replacement of phospholipids by sulfonated lipids to reduce cellular P quanta (Van Mooy et al., 2006 , 2009 Wurch et al., 2011) . In these organisms, UNPsulfoquinovose synthase was upregulated under P deficiency to increase sulphoquinovosyldiacylglycerol (SQDG) sulfolipids. Using HPLC-MS analysis, we also detected SQDG in P. donghaiense, but with no consistent increasing trend in its abundance under the P-depleted condition (Supplementary Figure 8) . Besides, the SQDG synthase gene was not detected in the transcriptome data set, indicating a low transcriptional level. However, our HPLC-MS analysis revealed a sulfatide product ion spectrum at m/z 764 (Supplementary Figure 9) and the HOSO 3 − ion of sulfatide at m/z 97 (Hsu et al., 1998) . Our quantification result indicated that a different type of sulfolipid than SQDG, sulfatides, increased by 1.57 and 1.98 fold on per cell basis in the exponential (day 3) and stationary (day 6) growth phases respectively under P limitation (Figure 3b) . If normalized to cell surface area, the fold change decreased slightly to 1.56 and 1.65 respectively. The pooling of the triplicate samples for the HPLC-MS analysis has prevented us from having statistical test for the significance of the difference between the two P conditions; however, the consistent pattern on both sampling events and for both normalization methods suggests that the difference we observed reflects the actual difference between the two P conditions.
Notably, seven of the 14 target genes of dynamic microRNAs were assigned KO pathways of sulfur metabolism, with all their regulating microRNAs being upregulated under P deficiency (Supplementary Tables 3 and 7) , predicting decreases in their encoded proteins. Five of the seven genes functionally promoted reactions to release sulfate (Figure 3 ; Supplementary Table 3) . One of these is involved in sulfatide degradation (Table 1) , suggesting reduced sulfolipid degradation under P stress. Other sulfate metabolic pathways, including those for heparin sulfate, keratin sulfate, estrone 3-sufate and chondroitin sufate, were also targets of the upregulated microRNAs. These results are all generally consistent with the findings in Synechococcus and Aureococcus regarding substituting sulfate for PO 4 3 − in lipids under P deficiency (Van Mooy et al., 2006) . However, if verified in future research with more extensive sampling, these results would suggest a distinct mechanism in the dinoflagellate. In contrasts to the upregulated sulfolipid (SQDG) synthesis in P-limited cyanobacteria (Van Mooy et al., 2006) , P. donghaiense would seem to reduce degradation of sulfolipids (sulfatides) under P deficiency.
Concluding remarks
Our study reveals metabolic responses to P stress in the dinoflagellate P. donghaiense that are regulated at transcriptional, microRNA-mediated post-transcriptional, and translational levels. The results demonstrate that the integrated microRNAomictranscriptomic (ideally proteomic too) approach is powerful for gaining a comprehensive understanding of the molecular mechanisms by which a dinoflagellate responds to varying P conditions and potentially other environmental conditions. Application of this approach to more species and ultimately to natural assemblages of phytoplankton, ideally with replicate samples sequenced, will illuminate the potentially different strategies in different lineages of phytoplankton to cope with P stress, global warming, and other environmental challenges.
